Simultaneous observations of aerosols, gases, and precipitation chemistry were carried out at the cloud base level and the surface during the fall of 1979, the winter of 1979-1980 and the summer of 1980. With due regard to the effects of the evaporation of precipitation particles and the absorption of gases, the relative importance of in-cloud scavenging and below-cloud scavenging, and the collection efficiency for water soluble particles were estimated on the basis of data obtained during the observation periods.
Introduction
The concentrations of chemical constituents in surface precipitation are the consequence of several cumulative processes occuring in and below the clouds. It is well known that the precipitation scavenging is classified into "in-cloud scavenging" and "below-cloud scavenging" processes in accordance with the positions where the scavenging occurs. However, with respect to the relative importance of these two processes, different results have been derived by separate workers. Petrenchuk (1970) evaluated the relative importance based on concentrations of chemical constituents in cloud water, and in precipitation water collected at the ground surface. His results showed that in the heavily polluted southern region of U.S.S.R., the below-cloud scavenging constituted about 75% of the total precipitation scavenging. On the other hand, Scott (1978) estimated the contribution of below-cloud scavenging to total sulfate concentration in surface precipitation to be 2 to 10% and neglected the contribution of below-cloud scavenging in his sulfate scavenging model. Scott et al. (1979) also observed the sulfate concentration in cloud water and surface precipitation and they found that in-cloud scavenging accounted for almost all of sulfate concentration in surface precipitation.
Although the relative importance of in-cloud scavenging and below-cloud scavenging varies to some extent depending on the chemical composition of aerosols, vertical profile of aerosol concentrations and type of precipitation cloud, the large difference of estimations by Petrenchuk and Scott's group may be attributed to the following reasons.
(1) The concentration of chemical constituents in cloud water collected at a certain altitude is not necessarily a representative value of chemical constituents scavenged in the clouds, because it varies widely with the distance from the cloud base. Therefore, the concentration of chemical constituents in precipitation water collected at just below the cloud base should be considered as the contribution of in-cloud scavenging.
(2) The absorption of gases may increase the concentration of chemical constituents in rain water.
(3) The evaporation (or condensation) of precipitation particles during their falling may apparently increase (or decrease) the concentration of chemical constituents in precipitation water.
In this paper, taking the above mentioned reasons into consideration, the relative importance of in-cloud scavenging and below-cloud scavenging is estimated on the basis of the simultaneous observations of aerosols, gases, and precipitation chemistry at the surface and the cloud base level. The relative effectiveness of snow particles and rain drops as the scavengers is also an interesting problem. Therefore, this problem is considered in its several aspects in this paper.
Observations
Simultaneous observations of aerosols, gases and precipitation chemistry were carried out at two observation sites; on the top of Mt. Teine and on the campus of Hokkaido University in Sapporo during the fall of 1979, the winter of 1979-1980, and the summer of 1980. In this paper, the levels of the top of Mt. Teine and the campus are called "cloud base level" and "surface" . The horizontal distance between the two sites is only 12km as shown in Fig. 1 Although the height of cloud base varies to some extent, it is about 1000m and is approximately the same as the height of Mt. Teine (1024m a.s.l.). Hence, almost all the chemical constituents in the precipitation water which was collected at the top of Mt. Teine are attributed to in-cloud scavenging. During the summer of 1980, besides the simultaneous observations at the surface and cloud base level of aerosols, gases and precipitation chemistry, an observation of cloud water chemistry was carried out at the top of Mt. Teine. However, this paper does not present the results of cloud water chemistry. As to the detailed consideration of in-cloud scavenging, which is based on the data of cloud water chemistry, one can be referred to the report by Kimura et al. (1981) .
Precipitation chemistry
Precipitation particles were collected in a polyethylene vessel every 30-120min.
Then, rain water collected was transfused into the polyethylene bottles and was kept airtight. Snow particles collected were transfused into polyethylene bags and were kept airtight in a cold room. Immediately prior to the analysis, snow particles collected were melted at the room temperature. The precipitation water collected was analyzed for SO42-, Cl-, NO3-, and NH4+ with an absorptiometry or an ion chromatograph.
In addition, pH and electric conductivity were determined with pH meter (TOA CM-2A) and digital conductivity meter (TOA HM-7A), respectively.
Air chemistry
The sampling method of aerosol particles (SO42-, Cl-, and NO3-) and gases (SO2 and HNO3) is schematically shown in Fig. 2 . Aerosol particles were collected on teflon filters 55mm in diameter (Sumitomo fluoropore 065) at a flow rate of 251*min-1. Aerosol particles on the teflon filters were analyzed for SO42-, Cl-, and NO3-with the absorptiometry or the ion chromatograph following distilled water extraction. Cellulose filters treated with the solution of 2.5%Na2CO3 and with the solution of 5%NaC1 were used to absorb SO2 and HNO3, respectively. These filters were also analyzed with the absorptiometry following extraction. Samplings of aerosol particles and gases were concentrations in precipitation at the two sites was recognized for the duration of the majority of precipitations. However, as seen in Fig. 3 , such a contrast was not recognized after 1500 LST or thereabouts. The inspection of pictures of radar echoes and records of wind direction shows that a cold front passed over the observation sites at around 1500LST and a wide area of rainfall changed to small and patchy ones. Therefore, it is considered that the precipitation water collected at two sites were originated from different precipitation clouds, so that the contrast of the concentration of chemical constituents between two sites was disordered. To satisfy the assumptions that the precipitation water collected at two sites is originated from the same precipitation cloud, and the chemical constituents in precipitation water collected at the top of Mt. Teine are from in-cloud scavenging alone, the following criteria were established.
(1) The precipitation echoes are sufficiently wide to cover the two observation sites and are horizontally uniform, namely, they are stratiform type echoes.
(2) The height of the cloud base is about 1000m a.s.l.
Nine (4 rainfall and 5 snowfall events) out of 16 precipitation events obeyed these criteria. For these nine events, the volume weighted averages of cloud base level and surface precipitation chemistry are presented in Table 2 .
Pollutant concentration in the air
The simultaneous sampling of aerosols (SO42-, Cl-, and NO3-) and gases (SO2 and HNO3) were carried out at the two sites except for during the fall of 1979. For the nine events, the volume weighted averages of air chemistry at two sites are presented in Table 3 . For the all components of air chemistry, the concentrations at the surface were higher than those at the cloud base level. In particular, SO2 concentration at the surface was one to two orders of magnitude higher than that at cloud base level.
The precipitation chemistry data in , Table 2 and the air chemistry data in Table 3 will be used in estimating the relative importance of incloud scavenging and below-cloud scavenging and in the calculations of the collection efficiency.
Considerations

Effects of evaporation and gas scavenging
The concentrations of chemical constituents in surface precipitation are the result of not only aerosol scavenging but also gas scavenging and evaporation. In order to estimate the relative importance of in-cloud scavenging and belowcloud scavenging for the water-soluble aerosol particles and to evaluate the collection efficiency which is an important factor of below-cloud scavenging, the effects of evaporation and gas scavenging should be considered. The increase (or decrease) of the concentration of chemical constituents in precipitation water due to the evaporation (or condensation) was calculated on the basis of the relative humidity and the precipitation intensity observed at the surface (Appendix A). As the relative humidity during the precipitation was nearly 100% in the most cases, the effect off evaporation below the cloud was very small except for one event where the relative humidity was less than 80% . In particular, this effect was emphasized when the relative humidity was low and the precipitation intensity was weak.
The gas scavenging by rain drops was classified into two theoretical categories according to the species of gases in this paper.
One is an equilibrium scavenging theory which was applied to the low solubility gas (SO2). Another is a first-order irreversible scavenging theory which was applied to the high solubility gases (HNO3, HCl and NH3). With respect to SO2, the aqueous oxidation after the absorption was also con- showed that the largest contribution of scavenged SO2 to the SO42-concentration in surface rain water was 0.17*g*ml-1.
On the other hand, with respect to the rainfall events, there was only one case in which both of NO3-and HNO3 were available. According to this 9th event, the contribution of scavenged HNO3 to the NO3-concentration was 0.017*g ml-1, which is the upper limit of the expected value under the atmospheric condition of event 9. The air concentrations of HCl and NH3 were not measured in the observation periods. However, because the concentrations of HCl and NH3 are usually less than those of HNO3, the scavenging of these three gases was neglected in the following calculations.
In consideratiog in-cloud scavenging of gases, it was assumed that all of water-soluble aerosol particles and gases contained in the air parcels which entered the clouds were incorporated into the cloud water, therefore the ratio of chemical concentrations resulted from aerosol particles and gases was equal to that of mass concentrations of atmospheric aerosol particles and gases. However, in the case of SO2, the aqueous oxidation of SO2 to SO42-was taken into consideration.
SO2 scavenging
in the cloud was neglected because the mass concentration of SO2 gas was much lower than that of SO42-particles except for the event 1, in which the contribution of SO2 to SO42-concentration in rain water collected at the cloud base level was calculated to be 0.105*g*ml-1.
In-cloud scavengings of HNO3, NH3, and HCl were also neglected for the same reason as SO2 described above.
Gas scavenging by snow particles was ignored because there is no liquid phase which is necessary for the absorption of gases.
Relative importance of in-cloud and below-
cloud scavengings Considering the effects of evaporation and gas scavenging, the amount of water-soluble particles scavenged by precipitation particles of 1 ml in the cloud and below the cloud were obtained by the following equations:
where the concentration of chemical constituent, which was incorporated by in-cloud scavenging, in the surface precipitation Mbelow : the concentration of chemical constituent, which was incorporated by belowcloud scavenging, in the surface precipitation Mcb : the concentration of chemical constituent in precipitation water collected at the cloud base level Ms : the concentration of chemical constituent in precipitation water collected at the surface * Mcb : the concentration of chemical constituent, which was incorporated by gas scavenging, in precipitation water collected at the cloud base level * Ms : the concentration of chemical constituent, which was incorporated by gas scavenging, in precipitation water collected at the surface F : the evaporation ratio of precipitation particles
The contribution of below-cloud scavening to the total precipitation scavenging is shown in Fig. 5 . In the figure, the data of rain drops and snow particles are symbolized by * and * respectively. Although the data relating to Cl-, NO3-and NH4+ were scattered to some extent, the percentage of below-cloud scavenging to the total precipitation scavenging for the snow particles was, on the whole, larger than for the rain drops. As for the sulfate particles, the contribution of below-cloud scavenging constituted about 20% of the total precipitation scavenging in the case of rain drops, while it constituted about 40% of the total precipitation scavenging in the case of snow particles. As for the mass weighted mean of chemical constituents described above, the contribution of below-cloud scavenging to the where *M is the amount of aerosol particles scavenged by a precipitation particle, S the cross section of a precipitation particle, L the falling distance of a precipitation particle, and C the aerosol concentration in the air. Eq. (3) is rewritten by the following equation for the precipitation particles of 1 ml:
where [S/V] is the total cross section of precipitation particles of 1ml and CCb and CS are the aerosol concentrations at the cloud base level and surface, respectively. The value of [S/V] is given by the following equations (Appendix C).
For the rain drops, Fig. 5 Percentage of below-cloud scavenging contribution to total precipitation scavenging for SO42-, Cl-, NO3-, NH4+, and the mass weighted mean of chemical constituents. *: snow particles, *: rain drops.
total precipitation scavenging was approximately 30% in the case of rain drops and 50% in the case of snow particles. These results mean that 30% to 50% of water-soluble particles were scavenged below the cloud base level in the observation area. It is considered that the reason for the scattering of data related to Cl-, NO3-, and NH4+ in Fig. 5 is that the time and space changes of the aerosol concentration containing these chemical constituents are so large in contrast with those of the sulfate particles.
As for the water-insoluble particles such as carbon soot, however, a great number of them were contained in the surface precipitation, but not in the cloud base precipitation. Although the water-insoluble particles were not treated quantitatively because of their attachment to the inner wall of the polyethylene bottle used in this experiment, it seems that most of them were scavenged below the cloud base level.
Collection efficiency for water-soluble
particles The well-known collection efficiency E, which is defined on the basis of cross section of precipitation particles, is obtained by the following
The collection efficiencies for sulfate, nitrate, and sea salt particles were calculated using Eq. (4) and are shown in Fig. 6 . For all kinds of particles, the collection efficiencies of rain drops were nearly equal to or slightly greater than those of snow particles, although the values of the collection efficiencies for sea salt particles are scattered to some extent.
However, from the viewpoint of the mass of aerosol particles collected by unit mass of precipitation, the snow particles were several times more efficient as scavengers than the rain drops, inversely. Assuming that precipitation particles of 1ml fall through 1000m thickness layer where the aerosol concentration is 1*g*m-3, as for the sulfate particles, the amount of particles scavenged by snow particles is 0.19*g, while that by rain drops is 0.03*g. In Fig. 6 , furthermore, it is recognized that the collection efficiencies of SO42-, NO3-, and Cl-increased in that order. To clarify the tendency of increase of collection efficiency, the size distributions of sulfate, nitrate, and sea salt particles were measured. Fig. 7 shows the results of size distributions. As seen in Fig. 7 , the mass median diameters of sulfate, nitrate, and sea salt particles increased in the order described previously. A similar tendency was obtained in the size distribution of aerosol particles collected during other observation periods. As the collection efficiencies increase with the aerosol particle size in the size range of a few tenth microns to a few tens microns, the cause of the collection efficiencies of SO42-, NO3-and Cl-in Fig. 6 increasing in that order is considered to be the size difference of aerosol particles containing each chemical constituent.
Conclusions
Based on the concentrations of chemical constituents in precipitation which were simultaneously collected at the surface and the cloud base level, the relative importance of in-cloud scavenging and below-cloud scavenging was estimated.
As for the sulfate particles, the contribution of below-cloud scavenging to total precipitation scavenging was about 20% in the case of rain drops and 40% in the case of snow particles. As for the mass weighted means of chemical constituents, which may be considered to represent the water-soluble particles, it was about 30% and 50% in the cases of rain drops and snow particles, respectively. It was concluded that the contribution of below-cloud scavenging Fig. 7 Size distribution of aerosol particles containing SO42-, NO3-, and Cl-.
is not so small as the estimation by Scott (1978) , therefore, it should not be neglected in the scavenging model. Based on the cross section of precipitation particles, the collection efficiencies of rain drops for sulfate, nitrate, and sea salt particles were nearly equal to or slightly greater than those of snow particles.
However, based on the mass of precipitation, snow scavenging was several times as efficient as rain scavenging, inversely. The collection efficiencies for sulfate, nitrate, and sea salt particles increased in that order. This may be attributed to the size difference of aerosol particles which contain each chemical constituent. 
Appendix A Evaporation of precipitation particles
The rate of evaporation (or condensation) of snow particles is expressed by the modified equation of Thorpe and Mason (1966) .
For the rain drops, the modified Watts ' (1971) equation was used where Here, Le is the latent heat of evaporation, R,, the gas constant, *0 the relative humidity, *r the fall velocity of rain drops and Pe the Peclet number. The fall velocity (*r) of rain drops is related to its diameter by Kessler (1969) The median volume diameters ds and d (cm) in Eqs. (A3) and (A6) are given as a function of the precipitation intensity R (mm*hour-1).
In the case of snow particles, the relationship between the median volume melted diameter do and the precipitation intensity is given by Gunn and Marshall (1958) where And the relationship between the diameter ds and the mass of snow particles is approximated by Locatelli and Hobbs (1974) Here, m is the mass of snow particle, z the vertical distance, LS the latent heat of the sublimation, K the thermal conductivity of air, M the molecular weight of water, D* the diffusion coefficient of water vapor in the air, * the density of water vapor, *s(T) the saturation density of water vapor at absolute temperature T, * the undersaturation of the environment, C the shape factor, ds and *S the diameter and fall velocity of snow particles. (Sh), (Nu), and (Re) are Sherwood number, Nusselt number and Reynolds number, respectively. The fall velocity is related to the melted diameter d0 of snow particles by Langleben (1954) .
Combining Eqs. (A12) and (A13) yields the relationship between the diameter of snow particles and the precipitation intensity:
In the case of rain drops, the relationship between the median volume diameter of rain drop and the precipitation intensity is given by Gunn and Marshall (1958) that at surface, is shown in Fig. A1 . The upper and the lower parts represent the evaporation ratio for snow particles and rain drops, respectively. The solid and dotted lines represent the difference of temperatures.
The F values are influenced by the precipitation intensity at cloud base as seen in the figure. Particularly, the effect of evaporation is large when the relative humidity is low and the precipitation intensity is weak. The F values for events 1 to 9 described in section 3.1 are presented in Table A1 where * is the oxidation rate. Using the oxidation rate at 2* determined experimentally by Hales et al. (1979) and the activation energy obtained by Penkett (1977) , the oxidation rate at absolute temperature T is written by For the rainfalls of events 1, 2, 3, and 9, the concentration of SO42-, which is produced by the oxidation of SO2 in rain water collected at surface, is presented in Table B1 .
B.2 HNO3 scavenging
As the nitric acid gas (HNO3) has high solubility so that its concentration in rain water cannot approach the equilibrium state with respect to that in air during their falling. Therefore the first-order, irreversible scavenging theory by Hales (1972) was applied to HNO3 gas.
The rate, per unit distance, at which the concentration of a gaseous species in a rain drop of radius r changes due to gas scavenging is given by Table B1 SO2 contribution to the SO42-concentration in surface precipitation.
Here, Dg is the diffusion coefficient in gas, v the kinematic viscosity of air, Xb the total molar concentration of gases, and Sc the Schmidt number. The median volume diameter d and the fall velocity of rain drop in Eq. (B8) are given as a function of precipitation intensity by Eqs. (A 15) and (A11), respectively. Using the gas-phase molar fraction y observed at the surface and the precipitation intensity which yields the median volume diameter and the fall velocity of the rain drop, the increase of gas concentration in the falling rain drop is calculated by Eq. (B8). Unfortunately, however, for the rainfall events, there was only one event (event 9) in which both of NO3-and HNO3 were available. For event 9, the amount of HNO3 gas, which was scavenged below the cloud base level, was calculated to be 1.7*10-2*g ml-1. Appendix C Total cross section of unit volume precipitation particles C.1 In the case of snow particles
The size distribution of snow particles is given by Gunn and Marshall (1958) where Using Eqs. (A5), (A13), and (C1), the total cross section of snow particles of 1ml, which pass through a cross section of unit area per unit time, is given by the following equation;
As seen from Eq. (C4), [S/V] for the snow particles is not dependent upon the precipitation intensity.
C.2 In the case of rain drops The size distribution of rain drops is given by Marshall and Palmer (1948) N
where Using Eqs. (A11) and (C5), the total cross section of rain drops of 1ml which pass through a cross section of unit area per unit time is given by the following equation;
Here, * is the Gamma function. Therefore, as seen from Eq. (C8), [S/V] for the rain drops is dependent upon the precipitation intensity weakly.
